Abstract. Combined Energy and Attitude Control System (CEACS) is an optimization approach that combines the energy storage system and the attitude control system. With a double counter rotating flywheel simultaneously serving as energy storage device and as attitude control actuator, CEACS requires an accurate control strategy to obtain the mission requirements. In addition, it is important to design the control law to be invariant to uncertainties and disturbances, and guarantee robustness as CEACS inherits these in-orbit uncertainties. This paper presents a nonlinear control employing sliding mode to enhance the CEACS attitude control capability. The mathematical model for the conventional and boundary layer sliding mode controls are developed herein for CEACS. The controller provides enhancement in pointing accuracies, reasonable transient responses and a robustness against uncertainties and in-orbit disturbances.
Introduction
Small satellite programs are great alternatives for quicker and cheaper missions, and more frequent research opportunities [1] [2] [3] . Despite of all advantages introduced by the small satellites, their subsystem design and onboard instrumentation are complex. The limitation of the mass and volume constitute a challenge to these satellites. In addition, the increasing mission requirements call for an extreme optimization in the design process. Combined Energy and Attitude Control System (CEACS) is one of the possible approaches to optimize the existing platforms by combining energy storage and attitude control subsystems using the flywheel technology. This system consists of a double counter rotating flywheel assembly serving simultaneously for the satellite energy and attitude management along with high-speed composite rotors, magnetic bearings, motors/generators, and control electronics for the energy/attitude management [4] . The linear control of CEACS has been examined in several studies using classic control techniques such as PD, PID and optimal controls using H2 and H∞ have been implemented as well [5] [6] [7] [8] .
However, initial assumptions and simplifications associated with uncertainties and disturbances involved in the course of linear analysis have significant impact on the precision of the attitude performance. The presence of uncertainties in the model parameters and disturbances available in hostile environment of space can adversely affect the performance of the system dynamics or even cause system instability. Therefore, the study of CEACS control in presence of uncertainties and disturbances can present a realistic view of the system feasibilities in terms of its attitude control characteristics. Ref. [9] brought attention to the influence of internal disturbances on the attitude performance of CEACS. The PD controller proposed in this paper could not keep the pitch attitude error within a pointing budget of 0.2 when a 0.5% gain error was introduced. Readjustment of gains was essential to decrease the error. To ensure the robustness of the system, it is crucial to employ a control approach that is invariant to uncertainties.
Sliding mode control (SMC) is recognized as an efficient technique used for designing robust controllers that are invariant to parametric uncertainties and external disturbances [10] . Flexibility of SMC comes from its order reduction property that replaces an n-order system by a first order system. For aforesaid properties along fast dynamic response and good transient performance, SMC has been employed to wide variety of applications including spacecraft control, robot manipulators, underwater vehicles, automotive transmissions and engines, high-performance electric motors and power systems [11] [12] [13] . The idea to use this method for satellite attitude control comes from the limitations of the classical methods such as PID controllers that are only used in linear regions. The choice of sliding surface and the adjustment of gains of the regulator influences the effectiveness of this command. However, in practical applications, the system state trajectory does not slide along the sliding manifold smoothly but with high-frequency oscillation called as chattering phenomenon. This oscillation, highly undesirable, is the major drawback of a pure SMC [11, 13] . To arrest this disadvantage, many strategies have been tested including boundary layers, integral augmentations, adaptive controls, genetic algorithms, neural networks, and fuzzy logic controls [14, 15] .
This paper aims to present the use of sliding mode control in a satellite featuring CEACS for earth observation missions. In addition, it intends to provide improvement methods to overcome the chattering phenomenon and at the same time satisfy the mission requirements. The boundary layer sliding mode (BL-SMC) is chosen to help meditate the chattering problem. This paper consists of six sections. Initially, the mission and strategies are elaborated followed by the CEACS attitude control architecture. Subsequently, the relevant mathematical models are described and later the model is used to develop the sliding mode controller. In addition, the stability analysis is carried out thereafter. The result is provided for a boundary layer sliding mode driving the state trajectory towards the sliding manifold. Finally, the outcome of this study is concluded.
The Mission and Strategies
A typical earth oriented satellite mission is selected to evaluate the feasibility of SMC for CEACS. The reference satellite, which is of a bis momentum stabilized type, has an active control along the pitch axis. Table 1 presents the reference mission. 
CEACS Attitude Control Architecture
A set of double counter-rotating composite rotors mounted along the satellite's rotation axis acts simultaneously as a source of power and an actuator for attitude control. The power generated by the solar panels accelerates and decelerates the flywheels accordingly in charging and discharging phases. The CEACS can be controlled in speed and torque modes [8] . Fig. 1 illustrates the CEACS operating in a torque mode [4, 16] . It is worthy of note that the power control loop is decoupled and does not influence the attitude loop. The flywheel torque w T is generated when a flywheel is accelerated and its counter-rotating member is decelerated at different speeds. The flywheel friction can be neglected because of the magnetic bearing used in the system.
The dynamic of attitude actuator can be derived by assuming that the flywheels are identical. In 
Satellite Model Description
The rotational equation of motion for a satellite featuring CEACS in terms of quaternion is presented as follows [17] : 
where Q represents the quaternion and 13 q is the vector part. ) (Q M is a 3× 3 matrix defined as:
where 3
3×
I is the identity matrix and T describes the skew symmetric matrix: 
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Design of Sliding Mode Controller
The selections of a sliding manifold in the system state space initialize the process of designing a sliding mode controller. The desired dynamics of the system is achieved as the system trajectory moves along this manifold. Determination of a continuous equivalent control, eq u ensures that the state trajectories continue to stay on the sliding manifold when the dynamic of the system is well defined. In addition, a discontinuous control law sw u is implemented to drive the system trajectories towards the manifold when the dynamic of the system is unknown. Thus, control law 
where d q is the desired quaternion and q is the state vector [18] .
Control Law Design.
A feasible control law guarantees the convergence of attitude error to zero asymptomatically by driving the system's trajectories to the surface 0 = S within finite reaching time and thereafter. The Lyapunov stability theorem is used to determine the control law with the lyapunov candidate function defined as [12] :
The derivative of Eq. 9 provides:
[ ]
The moment of inertia tensor is assumed to be time invariant, thus, 0 = J . Using Eqs. 3 to 8, Eq.
10 becomes: Consequently, the control law presented can be evaluated. The equivalent control, which is based on the nominal plant parameters, can be achieved by setting 0 = V , hence: (12) and the switching control can be defined as:
Stability Analysis. Substituting the control law into Eq. 11, derivative of the Lyapunov candidate function becomes: 
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Practical applications of SMC suffer from an impairment effect called chattering. This high frequency motion along the manifold decreases the control accuracy and may lead to instability. The reachability problem existing in the design of the switching control is the source of chattering. Sliding mode control with boundary layer (SMC-BL) can be utilized to eliminate chattering by replacing the discontinuous switching action with a continuous function. Substituting the sign function with the following saturation function will limit the system within a boundary layer. 
The CEACS Performance
In order to ensure the robustness of the proposed controller in redirecting the satellite in desired attitude in existence of extreme perturbations and unexpected uncertainties, a worst-case scenario has been considered. The uncertainty parameter and disturbances are considered to be uppermost.
As an example, the investigated satellite has the following nominal moment of inertia matrix:
The uncertain parameter J ∆ has relative difference of 10% from the nominal moment of inertial for all the three axes. ) , ,
The in-orbit external perturbations for a small satellite are relatively small. However, the external disturbances are assumed to be periodic with relatively large amplitudes to ensure the robustness of the proposed controller against disturbances. As a result, any unknown disturbance with large magnitudes will be rejected and the pointing attitude accuracy will be maintained. Eq. 24 describes the assumed model of upper bound disturbances:
where o ω denotes the angular velocity of the reference orbit. It is worthy of note that the flywheel addressed here is assumed to have the capability to provide a sufficient control for rejecting such disturbances. The desired quaternion profile for the satellite is as follows: [4, 16] . The H2 and H∞ algorithms provided in [5] and [8] offer better pointing accuracies but the nonideal cases considered are not examined in presence of uncertainties and the controllers are efficient in rejecting lower-bound perturbations. 
Conclusion
The present study demonstrates the design of sliding mode controller for attitude control of a small satellite featuring CEACS. Addressing the uncertainties and disturbances was the primary concern of this paper. Contrary to previous studies, this research aimed to design a controller that is invariant to uncertainties available onboard the satellite and disturbances existing in space environment. The BL-SM controller developed and investigated herein satisfies the mission requirements. The active SMC along the pitch axis drives the state trajectory towards the sliding manifold and keeps it within the boundary layer thereafter. Simultaneously, the other two axes are controlled as well to maintain their initial attitudes. The chattering phenomenon involved in the application of SMC is mitigated by continuous switching control approach. Results obtained from the simulation are in accordance with the control stability analysis and they illustrate the controller's capability in keeping the desired attitude in presence of onboard uncertainties and time varying in-orbit disturbances.
